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ABSTRACT  
    As the 3rd generation solar cell, quantum dot solar cells are expected to 
outperform the first 2 generations with higher efficiency and lower manufacture 
cost. Currently the main problems for QD cells are the low conversion efficiency 
and stability. This work is trying to improve the reliability as well as the device 
performance by inserting an interlayer between the metal cathode and the active 
layer. Titanium oxide and a novel nitrogen doped titanium oxide were compared 
and TiOxNy capped device shown a superior performance and stability to TiOx 
capped one. A unique light anneal effect on the interfacial layer was discovered 
first time and proved to be the trigger of the enhancement of both device 
reliability and efficiency. The efficiency was improved by 300% and the device 
can retain 73.1% of the efficiency with TiOxNy when normal device completely 
failed after kept for long time. Photoluminescence indicted an increased charge 
disassociation rate at TiOxNy interface. External quantum efficiency measurement 
also inferred a significant performance enhancement in TiOxNy capped device, 
which resulted in a higher photocurrent. X-ray photoelectron spectrometry was 
performed to explain the impact of light doping on optical band gap. Atomic force 
microscopy illustrated the effect of light anneal on quantum dot polymer surface. 
The particle size is increased and the surface composition is changed after 
irradiation. The mechanism for performance improvement via a TiOx based 
interlayer was discussed based on a trap filling model.  
   Then Tunneling AFM was performed to further confirm the reliability of 
interlayer capped organic photovoltaic devices. As a powerful tool based on SPM 
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technique, tunneling AFM was able to explain the reason for low efficiency in 
non-capped inverted organic photovoltaic devices. The local injection properties 
as well as the correspondent topography were compared in organic solar cells 
with or without TiOx interlayer. The current-voltage characteristics were also 
tested at a single interested point. A severe short-circuit was discovered in non 
capped devices and a slight reverse bias leakage current was also revealed in TiOx 
capped device though tunneling AFM results. The failure reason for low stability 
in normal devices was also discussed comparing to capped devices. 
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Chapter 1 
INTRODUCTION 
1.1 Solar Energy 
1.1.1 The need to utilize solar energy 
    The world‟s use of energy will continue its rapid growth at least to the year 
2020, particularly in the developing nations, according to the Energy Information 
Administration`s (EIA) "International Energy Outlook 2000" (IEO2000) [1]. 
Under current policies, EIA estimates overall energy consumption will rise 60 
percent from 1997 to 2020 [1]. The power generation from fossil fuels will be 
gradually replaced by the renewable energy (Figure 1.1) due to the pressure from 
both the growing need of energy consumption and the environmental impact, 
which is mostly green house effect. As a renewable energy, solar energy is 
produced from the nuclear fusion reaction originating from the sun. Radiant light 
and heat, but to which not limited, are the source of nearly all energy on the earth.  
Secondary solar-powered sources include biomass, wind and wave energy and 
hydroelectricity et al., which can also be applied to renewable power generation 
on earth. Compared to other renewable sources, solar energy has a superior 
potential energy capacity which makes it the most viable option to fossil fuels. 
The amount of solar energy reaching the surface of the planet is so vast that in one 
year it is about twice as much as will ever be obtained from all of the Earth's non-
renewable resources of coal, oil, natural gas, and mined uranium combined
 
[2]. 
Solar power is the most straightforward energy source with lowest cost in some 
remote areas as well as the transportable application. In addition, solar energy is 
  2 
clean and safe to use which make it more attractive when considering Japan‟s 
nuclear disaster. It is predicted that solar energy will take the largest part share in 
the world energy source distribution in the future (Figure 1.1). 
 
Figure 1.1.  Schematic of energy distribution versus the time 
                                          
1.1.2 Solar Spectrum 
The sun is a hot sphere of gas whose internal temperatures reach over 20 
million degrees kelvin due to nuclear fusion reactions at the sun's core which 
convert hydrogen to helium [3]. Heat is transferred through an H-atom-layer by 
convection. Photosphere which is defined as the surface of the sun, has a 
temperature of about 6000K which is close to a blackbody. The solar radiation 
outside the earth's atmosphere is calculated using the radiant power density (Hsun) 
at the sun's surface (5.961 x 10
7
 W/m
2
), the radius of the sun (Rsun), and the 
distance between the earth and the sun. The calculated solar irradiance at the 
Earth's atmosphere is about 1.36 kW/m
2 
[4]. The value of the solar constant and 
its spectrum have been defined as a standard value called air mass zero (AM0). 
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While the sunlight get through the atmosphere, the solar spectrum becomes 
attenuated and complicated due to the atmospheric effects including absorption 
and scattering, local variations in atmosphere and the spatial and seasonal 
difference. In order to represents the reduction in the power of light when passing 
the atmosphere; the Air Mass is defined as follows, 
                                                            (1.1) 
Where ϑ is the angle from the vertical (zenith angle). Therefore, if the vertical 
angle is 90, for example, which means at a sea level, the solar spectrum is AM 1.0 
radiation. The solar spectra of sunlight passing at 48.2
o
 is AM 1.5 radiation. If 
both direct and diffused sunlight are included, it‟s called an AM 1.5 G radiation 
with an intensity of 1kW/m
2
, which is a standard condition for terrestrial PV cells 
tests. 
 
1.2       The Development of  Photovoltaics 
1.2.1    What is Photovoltaics? 
Photovoltaics (PV) is a simple and elegant method of harnessing the solar 
power. PV devices, also named solar cells, are unique in their direct conversion of 
the incident solar radiation into electricity, without any noise, pollution or moving 
parts, making them robust, reliable and long lasting. Though photovoltaics 
emerged in 1950s is a relative new technique, compared to other electricity 
generating technologies, its development is rapid and shares an increasing part of 
power generation in the world. In the 1980s research into silicon solar cells paid 
off and solar cells began to increase their efficiency and it was in 1985 that silicon 
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solar cells achieved the milestone of 20% efficiency
 
[4]. Over the next decade, the 
photovoltaic industry experienced steady growth rates of between 15% and 20% 
and in 1997 the growth rate reached 38%. The increased market brings more 
applications in photovoltaics and more people in the world can enjoy the benefits 
from the solar cell facilities.     
     It‟s hard to deny that the solar technology develops so quick that there is 
already three generations of PV since the first solar cell came into being in 1950s. 
During these 60 years, there has been substantial improvement in power 
conversion efficiency as well as the reduction in manufacture cost. Materials from 
bulk Si to crystalline semiconductor and organic materials have been screened 
and embedded in the PV. Device structures from pn junction to p-i-n and bulk 
heterojunction have been established to facilitate the material development. It is 
promising that future solar cells will be designed into green power generation 
devices towards high efficiency, low cost, high stability and environmental 
friendliness.  
 
1.2.2  1st generation Photovoltaics 
  The 1
st
 generation solar cells include bulk Si and III-V material solar cells. 
They are large, monocrystalline based PVs with a high temperature high cost 
manufacture process but also a high efficiency. This type of PV usually takes a 
homojunction structure with well controlled defects and interface problems which 
is the main reason for high efficiency. Bulk silicon solar cell is still prevalent in 
today‟s solar cell market due to its manufacture ease and highest efficiency to 
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date. In order to harvest most of the incident photons, bulk silicon has to be 100 
μm thick due to the low absorption coefficient stems from an indirect band gap. 
Such thick and defects free bulk device leads to a high production price. The 
current cost of the electricity generated by bulk Si is around 10 times higher than 
that of the electricity by fossil fuels [5]. But since the technology for bulk Si PV is 
very mature, there‟s not much room for cost reduction. On the other hand, it‟s 
approaching the theoretical limit of the maximum power conversion rate of 40.8% 
as carried out by Shockley and Queisser under the maximal artificial 
concentration of sunlight. GaAs itself has a direct optical band gap with an 
optimum value which is better than Si but its PV has more requirements on 
defects control and doping.  The III-V material especially GaAs was also a 
research focus but never exceeds the Si PV in production scale due to its even 
higher cost. The bulk Si PVs still account for 86% of the solar cell market today. 
They are dominant due to their high efficiency. This despite their high 
manufacturing costs; a problem that second generation cells hope to remedy. 
 
1.2.3 2nd  generation Photovoltaics 
      The 2
nd
 generation PVs, also called thin-film solar cells, are significantly 
cheaper to produce than first generation cells but have lower efficiencies. There‟s 
a great advantage of thin film PVs, along with their low cost, which is the 
flexibility. Thin-film technology has spurred lightweight, aesthetically pleasing 
solar innovations such as solar shingles and solar panels that can be rolled out 
onto a roof or other surface [6].It is predicted the thin-film PVs will dominate the 
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residential solar market as news with higher efficiency are developed. The 2
nd
 
generation PVs mostly include dye-sensitized solar cell (DSSC), copper indium 
gallium selenide (CIGS-CIS), amorphous silicon (α-Si), protocrystalline, 
nanocrystalline Si (nc-Si) and CdTe PVs. Different from the bulk Si PVs, the 
second generation Si solar cells take advantage of the low cost Si thin films. But 
defects control and manufacture cost is always a trade-off, which means these Si 
materials, either amorphous or crystalline, tent to have lower energy conversion 
efficiency due to large amount of the defects inside the material. Amorphous Si 
has a higher absorption coefficient but larger amount of traps and surface states. 
Also doping is difficult in α-Si PV. Nc-Si has lower number of defects but lower 
absorption coefficient.  
      CdTe PV is the first and only thin film photovoltaic technology to surpass 
crystalline silicon PV in cheapness for a significant portion of the PV market, 
namely in multi-kilowatt systems [7]. This material is chosen for its optimal band 
gap at 1.5 eV for single-junction devices, that is, the band gap matches to the 
maximum light conversion in the distribution of photons in the solar spectrum. 
Direct manufacturing cost for CdTe PV modules reached $0.76 per watt in 2010, 
and capital cost per new watt of capacity is near $0.9 per watt (including land and 
buildings) [8].  However, module cost alone is not enough to assure the lowest 
installed system price since thin film PV is not as efficient as bulk Si PV and a 
larger device area is needed. Also, the toxicity of the cadmium is still a problem 
to the further development of CdTe solar cells. 
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      DSSC is actually a photoelectrochemical system, including a porous layer of 
semiconductor-usually titanium dioxide nanoparticles, covered with a molecular 
dye as an absorber, an electrolyte and a Pt electrode. The absorbed photons in the 
dye can inject excited electrons into the conduction band of TiO2 and the 
electricity will be generated through further chemical redox reaction in the cell. 
DSSC significantly reduces the manufacture cost but the poorer absorption of 
current dye molecules in the red part of the sunlight limit the current generation 
compared to the silicon based PVs. The current offered by DSSC is around half of 
that offered by traditional Si solar cells. 
      CIGS takes the form of CuInxGa(1-x)Se2, where x can vary from 1 to 0, with a 
band gap varying from 1.0 to 1.7eV. The efficiency of CIGS is around 20% which 
is less than traditional Si solar cell but much higher than other thin film PVs. 
Being a direct band gap material, CIGS has stronger absorption than Si does 
hence a much thinner thickness requirement reduces the thickness effectively, 
which correspondently reduce the cost. Nowadays many groups develop the 
vacuum-free solution based deposition to further reduce the cost.  
 
1.2.4 3rd generation Photovoltaics 
  The 3
rd
 generation solar cells are the cutting edge of solar technology and most 
of them are still in the research phase, but they are so promising not only in the 
wide range of solar innovations that can reduce the cost effectively but also have 
the potential to break the conversion rate limit of the single bandgap solar cells. 
This category includes organic solar cells, quantum dot solar cells, tandem cells, 
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intermediate band solar cells, hot-carrier cells thermophotovoltaic and 
thermophotonic devices. Therefore, the quantum dots/polymer and organic solar 
cells we studied in this thesis belongs to the 3
rd
 generation PV. Tandem cells, 
intermediate band and hot-carrier cells all deal with band engineering and 
improving the efficiency loss in 1st or 2rd generation solar cells.  
 Figure 1.2. illustrates the best solar cell efficiency variation versus the time 
scale. It is noticeable that the traditional Si PV has been very close to the 
theoretical limit of 33.7% under the AM 1.5G solar spectrum with an intensity of 
1000 W/m
2
 as indicated in figure 1.2. Though it leads the solar conversion 
development in single junction solar cell, there‟s not much room for the first 
generation PV with such a high cost. The 2
nd
 generation PV closely follows the 
development of traditional Si PV, especially thin film Si PV. The performances of 
CIGS and CdTe PV are quite similar though 1990s, however CIGS outperformed 
CdTe PV since then and reached a 20.3% high efficiency. The most progressive 
development is made from multi-junction tandem cells. Though band engineering, 
they utilize different semiconductor with various band gap to achieve optimized 
light harvest. Now the efficiency of and two-junction and three-junction PV can 
reach 42.4% and 32.6%, respectively. The quantum dot solar cell in this work can 
be put in organic solar cell category since they take the same manufacture 
procedure and have polymer as the absorber in the active layer. Though at present 
organic PV‟s (OPV) efficiency is relative low (around 9% in figure 1.2 ) and 
shares a small part of the solar market, it‟s still very attractive since the future 
development room is very large and the cost is low enough to support terrestrial‟s 
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solar applications. The best commercial power conversion efficiency is around 6% 
for prototype CdSe quantum dot solar cell [9] and it is predicted that the quantum 
dot OPV can finally outperform both the first and second generation single 
junction solar cells with a doubled efficiency limit.   
 
Figure 1.2. NREL compilation of best research solar cell efficiencies [10] 
 
1.3       Motivation and Outline of the thesis 
      This thesis focuses on how to solving the two main issues of current quantum 
dot solar cells, low efficiency and stability. We have introduced the great potential 
of solar energy in the world energy future, the importance of developing 
photovoltaic technique as a renewable energy and the history and categories of 
three generation solar cells.  In the next chapter we will discuss the basis of 
quantum dot solar cell followed by the largest problems they are meeting with. 
Actually the low efficiency problem results from the nature of the quantum dot 
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organic solar cell. That is, a real configuration of a well distributed inorganic 
material in an organic material is hard to achieve. The defects also have a great 
impact on the conversion efficiency since they will lower the charge mobility or 
lead to recombination. There are quite a lot of chemical methods to improve the 
morphology of quantum dot and polymer by controlling the ligand exchange or 
process procedures or even develop new polymer. But all of these solutions need 
great efforts in material screening and process optimization. And they might 
suffer the other problem later, instability, which results from the irradiation and 
diffusion of oxygen, moist and metal atom from contact. Therefore it‟s very 
difficult to obtain a good solution for both problems from pure chemical 
approaches. An interlayer, however, is a physical approach by changing the 
device configuration which can provide a diffusion barrier as well as a improved 
interface between metal and active layer. In this way, the device performance and 
the stability can be enhanced at the same time. Chapter 3 and 4 will discuss the 
approaches and benefits of TiOx and TiOxNy interlayers in real quantum dot solar 
cells towards solving these two problems. 
       The outline of the thesis can be described as below. 
        Chapter 2 will talk about the advantages and material used in quantum dot 
solar cell as well as the operation principle. The device physics will be followed 
by the low efficiency and stability issues. 
        Chapter 3 will introduce TiOx and TiOxNy as interlayers in the device and the 
unique light anneal effect on capped device. TiOxNy capped device shows a 
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superior performance to TiOx capped one. The device efficiency increased by 300% 
and the stability at room temperature is significantly enhanced. 
       Chapter 4 will further discuss the reliability of the device with TiOx interlayer 
via investigating the local injection properties of the devices. Capped device has a 
reduced reverse bias leakage while none capped one shows severe short circuit. 
      In Chapter 5, conclusions and suggestions for future work will be presented. 
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Chapter 2 
QUANTUM DOT POLYMER SOLAR CELLS 
2.1      Advantages of Quantum Dot  
 From the point of view of major energy payback and cost advantages, the third 
generation solar cells with high efficiency while low cost is a good candidate for 
solar energy conversion in the future. Quantum dot solar cells are one of the 
semiconductor nanomaterial solar cells. Other popular nanomaterials in this 
category include small molecules and conjugated polymers. 
  With the development of the research in nanomaterials, new approaches have 
been established towards more cost-effective and efficient light conversion. 
Colloidal nanomaterials show great potential in improving the overall device 
performance of OPV due to their unique size dependent properties. Efforts are 
being made to design different types of nanomaterials with well defined 
geometrical shapes (e.g., solid or hollow spheres, prisms, rods, tubes, and wires) 
to realize a high efficiency and selectivity [11-15]. The most straightforward 
reason of constructing QD solar cells is they can accomplish very high efficiency 
as the inorganic solar cells and at the same time maintaining a very low cost for 
energy and labor input since they take similar manufacture process as OPVs. It is 
predicted that, they will finally exceed the theoretical solar conversion efficiency. 
Also, they have unique size quantization property which make it possible to tune 
the band gap by controlling the dot size. In addition, the possibility to take 
advantage of hot electrons and multiple charge carriers after absorbing a single 
photon makes them even more attractive [16,17].  Furthermore, QDs possess a 
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higher extinction coefficient compared to metal-organic dyes and large intrinsic 
dipole moments leading to rapid charge separation. 
   The semiconducting inorganic and organic hybrid is to realize both high 
mobility for electrons and holes. For many polymers, hole mobility is extremely 
low. Thus introduction of inorganic quantum dots becomes essential due to a 
higher electron affinity. By controlling the size of the QD, the band gap can be 
adjusted easily. A higher absorption can be achieved due to well-defined quantum 
confinement compared to the bulk material. Also, the geometry of the QD can be 
changed to fit different requirements of device. The aspect ratio, size and growth 
rate of the NPs can be systematically controlled by varying the reaction time, the 
injection and growth temperatures, and the number of injections [18]. The most 
widely utilized quantum dots to date are II–VI semiconductor nanocrystals such 
as CdSe, CdS, CdTe and so on. PbSe, PbS QDs have their applications in infrared 
range.  
 
2.1.1 Solution process and the factors affecting QD properties 
A typical solution process is described as follows. First, the polymer is 
dissolved in solvent A and QDs are dissolved in another solvent B. Then, two 
solutions are mixed with the help of magnetic stirring bar under room temperature 
long enough to make sure the dispersed QD phase is formed uniformly. After the 
solution is spin coated onto PEDOT: PSS on top of ITO substrate (high spin speed 
is needed to achieve a good morphology), the film is dried under RT and then is 
carried to furnace for a low temperature annealing shortly. The drying and 
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annealing process are to make sure all the solvents with low boiling temperature 
evaporate completely. Finally, QDs are dispersed in polymer matrixes. A well-
controlled solution process will ensure a good bicontinuous solid dispersion, 
which means a good morphology is required. There are a lot of factors that 
contribute to a required phase separation like this. For example, the geometry of 
QD determines the aspect ratio which differs from nanocrystal to hyperbranch. As 
nanocrystals increase in aspect ratio from spherical to rod-like, they move from 
the molecular regime closer to the realm of a one-dimensional wire and they 
become less readily soluble [19]. Volume fraction and chemical composition 
heavily affect the phase separation in a well-defined thermodynamic system. 
Extensive nanoparticle aggregation and phase separation of the polymer phase is 
favoured as nanoparticle and polymer volume fraction increase [20].  
Another issue is ligand exchange which is vital to how well inorganic 
nanoparticles can disperse in polymer phase. Usually solution based QDs are 
different with those grown by high temperature method. Preparation methods for 
the synthesis of high quality and nearly monodisperse cadmium selenide quantum 
dots have typically utilized TOPO (tri-n-octylphosphine oxide) and TOP 
(trioctylphospine) as these compounds provide the most controlled growth 
conditions [21]. TOPO, TOP, oleic acid are very popular ligands for solution 
based quantum dots. However, these types of ligands are proved to be harmful to 
the device performance. Also a strong tendency towards extensive aggregation of 
inorganic nanoparticles is demonstrated during solvent evaporation for CdSe 
nanorods [22], tetrapods [23] and hyperbranched nanoparticles [24] without any 
  15 
proper ligand process. Therefore an afterward ligand exchange is required to 
replace the original ligands with other useful ligands. With these new ligands, the 
dangling bonds and trap states at the surface of QD can be well passivated. 
Furthermore, they can prevent the aggregation of QD themselves and provide 
pretty good QD dispersion.  Usually the ligand exchange can be carried out by 
associative substitution or by dissociative substitution and the new ligand can be 
removed at the same time due to its low boiling temperature.  
 
2.1.2 Polymer Choosing 
    There is a wide range for conductive polymer using in OPV. And with the 
development of polymer chemistry, more and more new polymers are being 
synthesized. Figure X shows some of the most popular polymers in OPV. They 
are poly(triarylamine) (PTAA), poly[2-methoxy, 5-(2′-ethyl-hexyloxy)-p-pheny 
lenevinylene)] (MEH-PPV), poly(3-hexylthiophene) (P3HT), poly[5,7-bis(4-
decanyl-2-thienyl)thieno[3,4-b]diathiazole-thiophene-2,5)] (PDDTT), poly[2,5-
(7,7dioctyl)-cyclopentadithiophene] (PDOCPDT), poly[2,6-(4,4-bis-(2-ethyhexyl) 
-4H-cyclopenta[2,1-b;3,4-b′]-dithiophene)-alt-4,7-(2,1,3-benzothiadiazole)] (PC 
PDTBT), poly(thienylene vinylene) (PTV), poly[2,5-bis(3-alkylthiophen-2-
yl)thieno[3,2-b]thiophene)] (PBTTT) [20]. The above order also represents the 
band gap variation from large to small. P3HT is the most widely used polymer in 
OPV and it has a 2.1 eV band gap with a conjugation length of ca. 20 units and a 
hole mobility of 10
-4
-10
-1
 cm
2
/Vs [25, 26]. 
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Figure 2.1. structure of popular conductive polymers [[20]] 
 
2.2 Nanoparticle-polymer solar cells 
2.2.1 Device Architecture  
    Basically there are three different strategies to develop QD based solar cells: (1) 
metal-semiconductor or Schottky junction photovoltaic cell, (2) quantum dot-
polymer solar cell, and (3) semiconductor sensitized quantum dot solar cell [27]. 
The device structures are sketched in Fig. 2.2. Model (1) is suitable for low band 
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gap semiconductor QD such as p-type PbS or PbSe cooperating with a cathode 
metal. In these devices photocurrent is generated by field-assisted charge 
separation in the depletion region [28]. Model (2) figures the semiconductor 
nanocrystal and the polymer device structure in this thesis; it actually developed 
from the OPV which utilizes an organic material instead.  Model (3) can be used 
in a DSSC which uses QDs as light sensitizer instead of dye molecules.  
 
Figure 2.2.  (a) metal-semiconductor junction, (b) polymer-semiconductor, and (c) 
semiconductor-semiconductor systems.  [27] 
 
2.2.2 Donor/ Acceptor Bulk Heterojunction 
When incident light is absorbed by the absorber usually the polymer in the 
active layer, the excition is created as a bound electron-hole pair instead of free 
charges. A second material, here is quantum dots, needs to be readily accept 
electrons so that it can break the excitons, leaving holes in the polymer (case 
sensitive). The exciton diffusion length refers to the average length over which 
the exciton can diffuse within the polymer before recombination of the hole and 
electron occurs is the exciton diffusion length. In the traditional Si solar cell, the 
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device takes the form of a    junction sandwiched by top and bottom electrodes. 
However, this device structure cannot be applied to quantum dot solar cells due to 
the short exciton diffusion length of the polymer which is typically from several 
to tenths of nanometers. An easy way to achieve better charge disassociation is to 
blend the acceptor and donor materials, here is QD and polymer, and this is the 
so-called bulk heterojunction (BHJ). There are two device models in figure 2. The 
left one takes the form of a    junction-like structure (bilayer heterojunction) and 
the right one is the BHJ.  It is easy to see that the active region of the left one is 
much smaller than that of the left one since a depletion region which creates a 
electric field is only around the interface of the junction but it can be everywhere 
for BHJ. Therefore, BHJ structure can significantly increase the contact interface 
area of two materials and improve the overall charge disassociation inside the 
active layer. After dissociation the charges migrate to their respective electrodes 
in an internal electric field generated by the difference in their Fermi levels. 
 
 
Figure 2.3. Bilayer heterojunction in comparison with bulk heterojunction, red 
zone is active region 
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2.2.3 Factors that determine the device efficiency 
        Organic materials have a low dielectric constant and high exciton binding 
energy which are different from inorganic semiconducting materials. Therefore 
the thermal energy at room temperature is not sufficient to dissociate a 
photogenerated exciton (typical binding energy of 0.5 eV) into free charge 
carriers. Certain energy requirements have to be met to favor the charge transfer 
and disassociation. The external quantum efficiency is defined as the number of 
photo-generated electrons to the number of incident photons. This number is 
measure of how efficient a solar cell can covert incident photons to free charges 
which can be collected at the terminals. The process of charge generation and 
transport within organic PV cells is believed to occur in five consecutive steps. 
Each step has a corresponding efficiency that contributes to the EQE. 
1. Incident light causes photon absorption  
2. Exciton is created and diffuses to the donor-acceptor interface 
3. Exciton transfer and disassociate into hole and electron by internal 
electric field 
4. Charge carriers transport to electrode by hopping 
5. Charges are collected by top and bottom electrodes respectively 
        The first step is determined by the wavelength of the light, the absorption 
coefficient of the active layer and its thickness.  Step 2 is determined by the 
polymer exciton diffusion length. Since exctions are electrically neutral their 
transport is not affected by electric field but follows the concentration gradient of 
exciton density. But during the diffusion process, there‟s a chance that exciton 
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decay to its ground state or disassociate into free charges at donor-acceptor 
interfaces. Exciton diffusion is considered to be induced by energy transfer 
between excitons in the excited state and neighboring molecules in the ground 
state [29]. An exciton transfer in step 3 is only favored when offset between 
LUMOs of donor and acceptors or HOMOs in symmetric case are smaller than 
the exciton binding energy and the charge transfer rate is limited to that offset 
value according to Marcus electron transfer theory [30]. A charge disassociation 
process will follow exciton transfer when a favorable kinetic energy is provided 
from the difference between LUMO or HOMO offset and exciton binding energy, 
or a strong enough built-in electric field can overcome the Coulombic energy (bi-
layer case). Step 4 is highly affected by trap density of the blend layer since 
electrons (in QD/polymer case in this thesis) can only transport by hopping. 
Structural defects and impurities can serve as trap centers which provide localized 
energy minima of variable depth for charge transport which reduce the charge 
mobility [20]. In step 5, the free charge collection in anode and cathode are also 
important to the overall EQE. To most of the OPV, it is suggested that the work 
function of the anode should be close to or lower than the HOMO Level of donor 
and that of the cathode should be close to or higher than the LUMO level of 
acceptor. Well-aligned energy levels at the contact can lead to efficient charge 
collection; otherwise, a barrier is likely to prevent the charge from being collected 
by electrodes.  
 
2.3       Power conversion efficiency measurement 
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       Similar to inorganic solar cells, the device performances of OPV can still be 
characterized by current-voltage measurement. The J-V curves are measured by a 
source measurement unit assisted by a solar simulator.  The test condition can be 
set to AM 1.5G with an intensity of 1000W/m
2
 or, vary with the intensity and 
wavelength of the light. The measurement is performed under both dark and 
illumination to get 2 sets of J-V curves. The difference of current density between 
dark and illumination is the photocurrent and the illumination J-V can provide the 
device key parameters as open circuit voltage (Voc), short-circuit current density 
(Jsc), voltage measured at maximum power output (Vmax) and current density 
measured at maximum power output (Jmax) as figure 2.4. (a) illustrated. The power 
conversion efficiency is determined by following equation, 
                                                
        
      
   
      
      
                                   (2.1) 
Where Pinput is the provided light power density and FF is the fill factor which 
indicates how square the real J-V is. FF is defined as, 
                                                       
        
      
                                                 (2.2) 
 
(a) 
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(b) 
Figure 2.4. (a) J-V characteristics of OPV under illumination and (b) 
corresponding circuit  
      The corresponding circuit is shown in figure 2.4. (b). Solar cell is intrinsically 
a diode with parasitic resistances that reduce the overall efficiency by dissipating 
power on them. The most common parasitic resistances are series resistance Rs 
and shunt resistance Rsh. Usually Rs results from the bulk resistance, contact 
resistance between metal and active layer and the resistance of the electrodes. It 
will lead to the reduction of FF as well as Jsc in some cases. Rsh can cause 
significant power loss by providing a leakage current path or high recombination 
at junctions.  
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Chapter 3 
IMPROVED EFFICIENCY AND STABILITY VIA EMBEDDING NITROGEN 
DOPED TITANIUM OXIDE 
3.1       Introduction 
    From the point of view of major energy payback and cost advantages, 
semiconductor nanocrystal solar cell as the third generation solar cell with high 
efficiency is a good candidate for solar energy conversion in the future. Quantum 
dot solar cells which are semiconductor nanocrystals embedding in an appropriate 
medium, usually a conducting polymer matrix, forming bulk-heterojunctions, 
have been widely studied these years. However these devices are also vulnerable 
to the damage from the irradiation of the sun light, diffusion of the metal into the 
active layer and attack of oxygen and moist from the air due to the similar nature 
of organic photovoltaic devices if any organic materials are included. To increase 
the stability of the OPVs, efforts have been made in developing more stable 
polymers, optimizing material processing, improving encapsulation or adding an 
interfacial layer [31]. In the bulk heterojunctions, energy level offset between the 
donor and acceptor leads to an inevitable potential loss [32]. Obviously an ohmic 
contact is desired at both electrodes for better charge extraction, but this is quite 
challenging between organic/polymer and metals since the interfaces are much 
more complicated. An interface with a barrier height of a few tens of mV may 
result in significant charge accumulation, and thus significant recombination loss 
and inferior photovoltaic performance [32]. Therefore it‟s of great importance to 
improve the interface either between cathode or anode and active layer.  The most 
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common interfacial materials could be categorized as 3 types, namely inorganic 
salts, inorganic semiconducting oxide, and organix and self-assembled 
monalayers (SAMs) [32].Here we will mostly talking about the cathode 
interfacial inorganic semiconducting oxide material and its doped material, as 
well as inorganic salt material. 
(a) LiF 
      As low work function for the cathode benefits electron, aluminum and silver 
are commonly used as electrode via thermal evaporation method. However, the 
metal/organic interface is never perfect due to the chemical interaction of hot 
metal atom and carbon atom at the interface and the diffusion into the organic 
layer [33]. The stability of the Al electrode is affected by Al-C bond formation, 
which interrupts the π-conjugated system [34,35]. The introduction of a bilayer 
cathode composed of LiF/Al and MgO/Al can protect the interface while 
providing a low work function contact. They can also enhance electron injection 
by bending the band of where the organic layer and insulating layers contact [36]. 
The overall device performance could be enhanced significantly. 
(b) TiOx 
      Semiconducting TiO2 is attractive in a variety of applications including dye 
sensitized solar cells, hybrid polymer/TiO2 cells [37,38] and photocatalysts. In 
addition to its high chemical stability, good photoactivity, relatively low cost, and 
nontoxicity, TiO2 is a good diffusion barrier against oxygen and moist due to its 
scavenging effects originating from photocatalysis and oxygen deficiency [39]. 
Typically TiO2 used to be crystalline, either in anatase or rutile phase, which 
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requires a process temperature higher than 450 C. Since most of the polymer used 
in organic solar cells cannot survive such a high temperature, the use of 
crystalline TiO2 is very limited in this field. But with the development of surface 
chemistry, nowadays sol–gel method is widely used for preparing titanium oxide 
with well-controlled morphological and properties without calcinations at high 
temperature to induce crystallization [31,40]. Researchers have successfully 
developed TiOx capping layer with multifunction in avoiding the damage from the 
atmosphere and irradiation[40], electron transporting, hole blocking and even as 
an optical spacer [31]. The most profound purpose of TiOx capping is that the 
rectification property of the device can be improved because the TiOx layer acted 
as both of electron-collecting and hole-blocking layers which means the 
recombination between the collected electrons into the n-type semiconductor TiOx 
and the resided holes in the active layer is remarkably suppressed. Since TiOx as 
an interfacial layer for improving the cathode contact is a quite new topic, the 
functions of TiOx in organic solar cell are not fully studied.  We will discuss 
another unique property of TiOx under the trigger of illumination and its 
enhancement in device performance. 
(c) TiOxNy 
       TiOxNy is commonly used in but not limited to photocatalyst field. The 
photocatalytic capability of TiO2 is restricted to only ultraviolet (UV) light 
(wavelength<400 nm) due to its relatively wide band gap (3.2 eV in the TiO2 
anatase crystalline phase and 3.0 eV in the rutile phase), which provides sufficient 
energy to excite electrons across. As UV accounts for only about 3%–4% of the 
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solar spectrum, it is of great interest to develop photocatalysts that can absorb 
visible light so that a major part of the solar spectrum could be used for 
photocatalytic reactions [41]. Anionic dopants, such as nitrogen were shown to 
extend the photocatalytic activity, photocatalytic efficiency, and ease of the 
doping process. TiOxNy thin film shows a noticeable light absorption ability in the 
visible-light region (400 nm<λ<500 nm) due to the substitutional doping of N and 
the subsequent band gap narrowing, as Asahi et al. reported [42]. The current 
reports also show that TiOxNy is becoming more and more popular in other field 
such as dye sensitized solar cells [43,44,45].  A superior efficiency (8%)based on 
N-doped nanostructured titania electrode DSSCs with great stability, relative to 
that of the commercial TiO2 power (P25), was reported by Maet al [44]. Lindquist 
and co-workers also demonstrated that n-doped TiO2 films prepared by reactive 
DC magnetron sputtering displayed an improved incident photon to electron 
conversion efficiency (IPCE), particularly in the visible wavelength (450–500 
nm), compared to that of undoped TiO2 film [45] . 
       In this work, it‟s the first time for TiOxNy to be used as an interfacial layer in 
organic solar cells. And it shows superior improvement in device performance 
under the trigger of the light. 
      Many kinds of nitrogen sources can be used in the preparation of N-TiO2 
which include organic nitrogen sources such as urea, sulfur urine and tri-
ethylamine [46, 47], and inorganic nitrogen sources such as ammonia, ammonium 
chloride and ammonium nitrate [48, 49].  Tetramethyl ammonium hydroxide 
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(TMA) as a nitrogen source is used in this work with an easy and low temperature 
sol-gel process.   
3.2   Experimental Methods 
    Patterned indium tin oxide (ITO) on a glass substrate (Thin Film Device Inc.) 
was sonicated consecutively in acetone, methanol, and isopropyl alcohols before 
being exposed to UV radiation for 5 min. CdSe quantum dots served as electron 
acceptors and the detailed of their synthesis is described elsewhere [50]. Poly-3-
hexylthiophene (P3HT, Rieke Specialty Polymers, Electronic grade) was used as 
electron donors. TiOx were synthesized using Cho‟s sol-gel method [51] and here 
we used ethanol as the solvent for further dilution of the TiOx sol-gel.  TiON were 
prepared from a mixture of the precursors according to the following protocol 
[41]. Firstly, tetramethyl ammonium Hydroxide (TMA 25wt% in methanol, 
Sigma-Aldrich) was dissolved in EtOH at a mol ratio at 1:10. The solution was 
stirred magnetically for 5 min, and then titanium tetraisopropoxide (TTIP, 97%, 
Sigma-Aldrich, St. Louis, MO) was added to the solution with TMA/TTIP mol 
ratios at 1:5. The mixture was loosely covered and stirred 2 hours and resulted in  
a homogenous gel.  The TiOxNy gel was diluted in isopropyl alcohols with a ratio 
of 1:50. 
      Cadmium selenide QDs were dissolved in pyridine and chloroform at a ratio 
of 1:9 before added to the P3HT in chlorobenzene. The blended solution (QD 
90wt%) was stirred with a magnetic bar under N2 for 24 hours. ITO substrates 
were spin coated at 5000 rpm with PSS:PEDOT and then annealed in N2 
atmosphere at 190 for 10 min. The aim of this process sequence was to favor the 
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hole transportation and provide a smooth the electrode/active layer contact.  The 
active layer of QD/P3HT was spin coated at 600 rpm, followed by 30 min anneal 
at 150 
o
C in N2.  After cooling to room temperature, TiOx or TiOxNy precursor 
solution was spin coated with different thickness onto the active layer. The 
devices sat in the air for hydrolysis for 1 hour and annealed in the N2 for 15 min. 
Then a LiF/Al (1nm/100nm) bilayer was deposited as the cathode on top of the 
devices via thermo evaporation. The active device area was 0.202 cm
2
.  
      Both TiOx and TiOxNy layers coated QD/P3HT cells were exposed to the AM 
1.5 global 100 mW/cm
2
 illumination at room temperature under N2 atmosphere. 
Each exposure was 15 min in duration. After each exposure, the cells were cooled 
to room temperature.  
     All AFM measurements were used to evaluate the surface morphology and 
were done in air under ambient conditions (Veeco Dimension 3100 and the 
Nanoscope IV controller). The TiOxNy film composition and bonding states were 
examined by X-ray photoelectron spectroscopy (XPS, VG Scientific Microlab 
350) measurements and the excitation source used was the Mg-Ka flood source 
(1253.6 eV). Before measurements, the surface was sputtered for 1 min with a 
6x6 mm raster and 3 kV 1μA Ar ion beam. All energies were referenced to C 1s 
peak at 284.5 eV. The optical properties were determined by measuring optical 
transmittance and reflectance on the films deposited onto glass substrates. These 
measurements were carried out using a Cary UV-Vis spectrophotometer at room 
temperature. Photoluminescence spectroscopy (Fluorolog, Horiba Scientific) was 
performed to evidence the emission quench effect of TiOx and TiOxNy. External 
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quantum efficiency (EQE) was measured with monochromatic light by varying 
the excitation wavelength from 300 to 800 nm at intervals of 10 nm, under a white 
bias light of 100mW/cm
2
. Current-voltage characteristics were measured at room 
temperature in the dark, and under a solar simulator (Spectra Physics, Oriel 300W) 
with an AM1.5G filter at a light intensity of 100 mW/cm
2
. The light intensity was 
adjusted with a Si reference cell which was calibrated by the National Renewable 
Energy Laboratory (NREL).  
3.3   Results and Discussions 
     The device architecture is demonstrated in Fig. 3.1. (a). The active layer is 
capped with either TiOx or TiOxNy films of 20nm and 40nm thickness. A 
reference device without any capping was also made for comparison. Light anneal 
was performed as the same diagram shows. Four pins were provided at the four 
corners of the device to avoid any touch and light came from the ITO side. Figure 
3.1. (b) and (c) illustrate the AFM height images taken in tapping mode for TiOx 
and TiOxNy layers in the real device respectively. The resolution is too low to 
recognize the detailed texture of the surface which is similar to Kim‟s work [31]. 
Therefore the 3D topographies of TiOx (Fig.3.1. (b)) and TiOxNy (Fig.3.1.(c)) 
films in real devices were taken by AFM in contact mode to better capture the 
inorganic material nanoscale features. This is why we report better resolution 
when compared to other reported work [31] and the real particle size of TiOx is a 
little bigger than a few nano meters according to our AFM results. It can be seen 
that both in amorphous forms, TiOxNy has much smaller particle size with an 
RMS=0.42 nm than that of TiOx (RMS=0.79nm). This implies that TiOxNy in the 
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device has a smoother surface which provides a better contact for both the metal 
cathode and the active layer. This point can also be confirmed later in the series 
resistance results. This size difference could be induced by different sol-gel 
process or different crystallization temperature. Overall the capping layers are 
smooth enough for good contact. 
 
 
 
(a) 
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                                     (b)                                                  (c)        
 
 
(d) 
 
(e) 
Figure 3.1. (a) Schematic illustration of device structure and light anneal 
configuration. Tapping mode AFM height images of TiOx (b) and TiOxNy (c) on 
top of the QD/P3HT and corresponding contact mode AFM 3D height images (d) 
and (e)  
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      Figure 3.2. shows the high resolution XPS spectrum of N doped TiOx. The 
survey spectra shown in Fig. 3.2. (a) clearly demonstrates the existence of N, O 
and Ti. The normalized atomic composition for each element and oxygen to 
titanium, nitrogen to titanium ratio is shown in Table 1 excluding the information 
from Si substrate and other contaminations. A total N doping concentration of 1.2 
at% is indicated and the N/Ti is 0.04. It is expected that the doping concentration 
is low so that the lattice structure of TiOx will not change too much hence most of 
the properties of TiOx can be retained. The absorption spectrum (figure 3.3.(a)) of 
TiOx and TiOxNy shows great similarity and the optical band gap of TiOxNy 
(Eg=3.48eV for TiOxNy compared to Eg=3.58eV for TiOx in figure 3.3.(b)) only 
reduced by 0.1eV which means the optical properties of these two are close to 
each other. Also the nitrogen doping will not harm the hole blocking ability due to 
a well controlled band structure. Two peaks are obtained for N 1s, one is at 397.1 
eV which corresponds to Ti-N bond and the other is at 399.8 eV which is 
attributed to anionic N- in O-Ti-N linkages [42,52,53]. The electro negativity of 
nitrogen doped into TiOx lattice is lower than oxygen, leading to the reducing of 
electron density on the nitrogen which explains the reason why O-Ti-N binding 
energy is larger than Ti-N [52]. The ratio of N atoms in Ti-N bonding to those in 
O-Ti-N is around 56 at% among all the N atoms detected. Both of the bonds can 
be the results of nitrogen atoms incorporate into the lattice of TiOx and replace the 
oxygen atoms which confirm the nitrogen doping in the titanium oxide. And the 
band gap decrease of TiOxNy can be explained by this substitutional doping of 
nitrogen atoms. 
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      The nitrogen doping confirmation can also be supported by the XPS spectra of 
Ti region as Fig. 3.2. (c) shows. In addition to the single peak at 464.8 eV for the 
Ti 2p1/2 signal two peaks at 457.6 and 459.3 eV can be found correlating to Ti 
2p3/2 after peak fitting. The peak at 464.8 and 459.3 eV indicate the Ti-O bonding 
[52]. The peak at 457.6 eV however demonstrates the existence of O-Ti-N [52] 
which is consistent with the previous conclusion on nitrogen doping.  Figure 3.2. 
(d) shows the XPS spectra in O region. There are two peaks can be fitted to 530.8 
attributed to O-Ti bonds and 532.1 eV attributed to other O bonding such as O-C 
and any O-Si.  
550 500 450 400 350 300 250 200 150 100
 
 
In
te
n
s
it
y
 (
a
.u
.)
Binding energy (eV)
O1s
Ti 2p
N1s C1s Si2p
 
(a) 
  34 
 
(b) 
 
(c) 
  35 
540 538 536 534 532 530 528 526
 
 
In
te
n
s
it
y
 (
a
.u
.)
Binding energy (eV)
O 1s
O-Ti
 
(d) 
Figure 3.2. XPS survey spectra and multiplex high-resolution scan over N 1s, Ti 
2p and O 1s spectral regions for TiOxNy thin film on Si substrate, 1 min Ar
+
 
sputtering is done before the scan 
 
Table 3.1. Composition of TiOxNy films as determined by XPS 
 
atomic  %
Ti 27.1
O 71.7
N 1.2
O/Ti 2.64
N/Ti 0.04
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Figure 3.3. (a)  Absorption spectra for TiOx and TiOxNy thin film (b) optical band 
gap of TiOx and TiOxNy determined by transmittance 
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       Figure 3.4. shows the PL spectrum of QD/P3HT films with and without TiOx 
or TiOxNy in different conditions. The strong peak at 670 nm is attributed to 
emission of P3HT and another weak peak at 525nm is from the emission of QDs. 
Figure 3.4. (a) shows the PL spectrum of three pristine samples of QD/P3HT 
before any treatments compared to P3HT only sample. The existence of QDs 
strongly quench the P3HT‟s PL peak here and PL signal intensity follows the 
order: TiOxNy capped> TiOx capped> no capping. After 15 min light anneal, the 
PL signal intensity completely converts the order and the TiOxNy capped sample 
shows a significant quench effect of PL, which indicates an efficient charge 
transfer from P3HT to TiOxNy since the QD amount is the same for all the 
samples. The sample without capping, however, shows a rapid degradation in 
charge transfer at QD/P3HT interface. Another 15 min light anneal can further 
strengthen the effect on PL emission quenching in TiOxNy capped samples.  Since 
charge disassociation efficiency ηdiss contributes to the overall external quantum 
efficiency (EQE), an increased ηdiss indicated an enhanced EQE as figure. 3.5 
shows. 
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Figure 3.4. Photoluminescence spectrum of QD/P3HT film and the one capped 
with TiOx and TiOxNy (a) without any treatment compared with pure P3HT films 
(b) with light anneal once (c) with light anneal twice 
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       Figure 3.5. shows a significant improvement in EQE spectrum of the devices 
capped with 40 nm TiOx and TiOxNy after 3
rd
 light anneal regarding to the 
reference device without any annealing. The maximum EQE of 43.6% appears at 
384 nm referred to TiOxNy capped device while TiOx capped device shows a 
maximum of 34.5% compared with reference cell with a maximum of only 12.5%.  
These results reveal the fact that the capped samples have more photogenerated 
carriers. Combined with the results of PL, it can be inferred that light anneal can 
significantly improve both charge disassociation and collection in TiOx and 
TiOxNy capped devices. Also a red shift from 345 nm in none capping device to 
383 nm in TiOx and TiOxNy capped devices is found in EQE spectrum. 
 
Figure 3.5. EQE spectra of 40nm TiOx and TiOxNy capped devices after 2
nd
 light 
anneal with respect to no capping device without light anneal 
      Figure 3.6. shows the devices parameter variation regarding to the times of 
light anneal.  A maximum efficiency increase of 300% (η=1.3% at 4th light anneal) 
and 200% (η=0.9% at 3rd light anneal) with respect to the reference is obtained in 
TiOxNy and TiOx capped devices, respectively. And this value can be remained 
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after more light anneal in TiOxNy capped device while it quickly drops in TiOx 
capped device which is mostly due to a decrease in Voc and FF as figure 3.6. (b) 
and (d) illustrate. It can be noticed that all the capped devices show a doubled 
value in Jsc even before any illumination treatment which means the new device 
structure physically enhance the light collection rate. The enhancement in PCE 
values with a TiOx or TiOxNy capping is a consequence of improved Jsc value, 
which is confirmed by the EQE measurement. The significant increase in Jsc 
which contributes most to device efficiency is similar to what Kim‟s paper 
reported [31]. However in QD/P3HT system, this improvement is approaching 
100% (compared to 50% improvement in Jsc in ref. [31] which means the active 
layer materials also have a prominent effect on efficiency improvement in capped 
devices. But the difference is, in PCBM/P3HT devices with TiOx capping, Voc 
and FF increase moderately while QD/P3HT devices with TiOx capping have 
lower Voc and FF values before light anneal as illustrated in Fig. 3.6. (d). The 
main reason of the difference is mostly due to a much lower shunt resistance 
(Rsh=1878 Ωcm
2
 in devices without capping, Rsh=428 Ωcm
2 
in TiOx capped 
devices, both without treatment) induced by large number of defects comes from 
QD/P3HT and TiOx interface. These defects form electron traps to capture the 
electrons from QD/P3HT. The irradiating light however can generate electrons in 
the TiOx film and they may fill firstly into electron traps of the titanium oxide 
interfering with the electron transport, and secondly after irradiating the light for a 
short period of time, they may transport relatively smooth because of the 
decreased number of the trap sites [54]. And when these traps are saturated, the 
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charge transportation is stabilized. However if the more light annealing is done, 
the irradiation begins to harm the device performance, this is why TiOx has a peak 
device performance. Figure 3.6. (b) indicates a low Voc of 0.47 V for TiOxNy 
capped devices at the beginning compared to 0.68 V in reference cell and around 
0.8 V in TiOx covered cell. But the Voc of TiOxNy capped samples can be 
completely recovered after 3
rd
 treatment and reaches a maximum of 0.775V after 
a 4
th
 treatment, which has an opposite Voc variation trend of TiOx capped samples. 
Fill factor can also recover quickly after proper illumination treatments. In all, 
TiOxNy capping renders a superior device performance to TiOx capping. It is 
expected that there are also charge traps residing in TiOxNy and QD/P3HT 
interfaces due to a high shunt resistance. However, TiOxNy has enhanced photo 
activity than TiOx due to the fact N-doping decrease the band gap and can respond 
to the wider range of the light spectrum other than UV range. Hence there will be 
more electrons generated upon light anneal which can fill the carrier traps sooner. 
Also, the valence band of TiOxNy consists of N2p and O2p, which means, only 
donor energy states exist in the band. As a result, the recombination of hole–
electron pairs is reduced largely [49]. A lower contact resistance is obtained in 
TiOxNy capped device compared to TiOx capped one which can further confirm 
AFM results. 
       It can be concluded that an optimized condition is  for the case of TiOxNy 
capping layer with a thickness of 40 nm treated with illumination for 4 times with 
a device performance of: ηe=1.3%, Voc=0.775V, Jsc=3.65mA/cm
2
, FF=43.8% 
Fig. 3.6. also indicates TiOxNy has less sensitivity in film thickness than TiOx 
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does. A thicker TiOx shows better performance at first but is outperformed by a 
thinner one later after the 3
rd
 illumination treatment which means the reactivity to 
the illumination of TiOx is not always consistent to the amount of it.  
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Figure 3.6. (a) Efficiency (b)Voc (c) Jsc (d) Fill factor (e) Rs variations of the 
devices capped with TiOx and TiOxNy after each irradiation treatment with respect 
to no capping device without treatment 
 
       Figure 3.7. and 3.8. shows the effect of light anneal on the morphology of 
QD/P3HT layer in the device. The AFM height images illustrate a clear trend of 
increase in practical size along with the anneal times (figure 3.7.). It is noticed 
that the light anneal effect is very similar to thermal anneal effect on particle size. 
Instead of thermal heating, light can also activate the growth of the particle in the 
active layer. The phase images however, infer one of the material is coarsening 
and the surface composition is changing along with the light anneal. Since P3HT 
phase never looks like sphere, we can assume the sphere-like bright phase in 
figure 3.8.(b) and (c) to be QDs which means the coarsening phase is P3HT. The 
original volume ratio of the QD to P3HT at the surface is around 1:1 according to 
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the phase image (figure 3.8. (a) while after light anneal there is significantly 
larger amount of  P3HT at the surface (figure 3.8. (c)). Therefore the morphology 
change can also be one of the reasons to explain the light triggered enhancement 
in TiOx or TiOxNy capped devices. 
 
(a)                                                (b)                                                   (c) 
Figure 3.7. AFM height images of QD/P3HT devices before (a), after 3 times (b) 
and 6 times (c) light anneal, the scan size is 1um 
 
Figure 3.8. AFM phase images of QD/P3HT devices before (a), after 3 times (b) 
and 6 times (c) light anneal, the scan size is 1um 
       Figure 3.9. and table 3.2. illustrate the significantly improved the device 
stability by embedding TiOx and TiOxNy interlayers. Figure 3.9. (a) shows the J-V 
characteristics of QD/P3HT devices with TiOx and TiOxNy capping at optimized 
condition as well as the reference cell. After 21 days when reference cell 
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completely failed in the J-V measurement, the TiOx capped device can retain 51.6% 
of the maximized PCE while TiOxNy capped one can retain as high as 73.1%. The 
Jsc value in TiOx capped device drops to 64.4% of the maximized value while 
TiOxNy capped device has a relative stable Jsc (85.1% retained) which means 
TiOxNy outperform TiOx in providing more stabilized photogenerated charge 
collection. 
  
(a)                                                           (b) 
Figure 3.9. J-V characteristics of reference device, TiOx capped device and 
TiOxNy capped device (a) at optimized condition (b) kept for 21 days at optimized 
condition 
 
Retain%  Voc Jsc  FF  PCE  
Ref.  0  0  0  0  
w/TiOx  84.8  64.4  93  51.6  
w/TiOxNy  91.6  85.1  89.1  73.1 
 
Table 3.2.    Percentage of Voc, Jsc, FF and PCE retained after kept for 21 days 
for reference device, TiOx capped device and TiOxNy capped device 
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3.4  Conclusions 
    In conclusion, the amorphous nitrogen doped titanium oxide was synthesized 
via a sol-gel method. The high resolution 3D topographies of TiOx and were 
compared via AFM contact mode images. TiOxNy shows better interface than 
TiOx which provides a better contact between metal cathode and active layer. The 
XPS spectrum can support the successful light nitrogen doping by showing the 
existence of Ti-N and O-Ti-N bonds and a 1.2% N concentration. These two 
bonds indicate that nitrogen atom replace the oxygen atom in the TiOx structure 
which result in the slight bandgap decrease. TiOxNy  This work for the first time 
reports the advantage of light anneal on N doped TiOx as a capping layer in the 
quantum dot/P3HT based solar cells. The illumination treatment has a significant 
effect on PL emission quench of the TiOx and TiOxNy capped QD/P3HT films 
and TiOxNy is a stronger quencher than TiOx. Compared to the TiOx, N doped Ti-
oxide layers shows better device performance with improved conversion 
efficiency, Jsc, Voc and filling factor after the light anneal. It shown that the 
optimized anneal condition is 15 min for 4 times and further anneal will not 
change the device performance significantly. The TiOx capped device however, 
will begin to degrade after long time treatment. EQE results confirmed a 
significant enhancement in the light collection. Layers of TiOxNy and TiOx can 
prevent the OPV from degradation and entitle the device longer life time which 
can be concluded by comparing the amount of retained efficiency after the 
reference cell completely fail. 
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Chapter 4 
LOCAL ELECTRIC PROPERTIES OF NANOPARTICLE/POLYMER 
SOLAR CELL WITH TITANIUM OXIDE 
4.1  Introduction 
      The use of the organic solar cells attracts so much attention these days due to 
its low cost, manufacture ease. Unlike inorganic solar cells in the market which is 
already studied systematically, research of OPV is still not mature due to organic 
material‟s complexity. The nanoscale texture or film morphology of the organic 
materials used in the solar cells is very important to the overall performance of the 
device. Though the conversion efficiencies of OPV have been improved 
significantly in recent years, progress in morphology is not that easy since mostly 
the optoelectronic properties are measured via marcroscopic measurements which 
brings misleading and confusion in understanding nanoscale problems.  
     Scanning probe microscopy (SPM) refers to all techniques using a mechanism 
to scan a sharp tip across a sample surface at very small distances to obtain two- 
or three-dimensional images of the surface at nanometer or less resolution both 
laterally and vertically. In the extreme, one can obtain lateral resolution on the 
order of 0.1nm and vertical resolution of 0.01 nm [55].  Amyriad of SPM 
instruments has been developed over the past decade, and one can sense current, 
voltage, resistance, force, temperature, magnetic field, work function, and so on 
with these instruments [55]. Nowadays SPM are the modern techniques to solve 
the nanoscale morphology and optoelectronic difficulties in the OPV field. The 
successful examples of SPM applications are observing the heterogeneity of the 
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electronic properties and performance in model polymer-fullerene blends such as 
PCBM and P3HT, newer polyfluorene copolymer-PCBM blends and even all 
polymer donor-acceptor blends, cross-sectional optoelectronic properties of 
P3HT/PCBM [27,56-58]. The advantages of SPM include high spatial resolution, 
high sensitivity, and multiple physical properties analysis at the same time for 
easy reference and with advanced manipulation tools such as moving individual 
atoms, molecules, clusters, carbon nanotubes, or cutting carbon nanotubes and 
SPM oxidation of silicon surface. Unlike electron microscope methods, 
specimens do not require a partial vacuum but can be observed in air at standard 
temperature and pressure or while submerged in a liquid reaction vessel. The 
basic components of SPM include a sensor, scanner, feedback control and coarse 
approach as figure 4.1. shows. In order to generate an SPM image, the scanner 
moves the probe tip close enough to the sample surface for the probe to sense the 
probe sample interaction. Once within this regime, the probe produces a signal 
representing the magnitude of this interaction, which corresponds to the probe-
sample distance. This signal is referred to as the detector signal. A feedback loop 
is designed to keep criteria constant by adjusting the voltage applied to the 
scanner so that the instrument continually adjusts in an attempt to maintain the set 
point of that parameter.   Typical feedback loop parameters are tip deflection or 
amplitude for AFM, and current or height for STM.    In an AFM, a laser is 
aligned on the backside of the cantilever (probe) and reflected into a four quadrant 
photodiode.  As the probe moves across the sample surface, an image is created 
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on a computer screen pixel by pixel based on the signals obtained from the 
photodiode and the feedback loop.     
 
Figure 4.1. SPM feedback loop [59] 
 
       Here are some advanced SPM techniques which are proved to lead the studies 
of the nanoscale morphology and optoelectronic properties in OPV.  
 
Conductive AFM (c-AFM):  
      Conductive AFM (c-AFM) is a powerful current sensing technique for 
electrical characterization of conductivity variations in resistive samples. It can 
map the topography as well as current distribution at the same time and could be 
applied in a wide variety of materials such as conductive polymers, thin dielectric 
films, nanotubes and so on.  This technique is useful for a number of applications, 
such as making local space-charge limited mobility measurements and mapping 
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local variations in chemical composition using the contrast provided by differing 
carrier mobilities or injection barriers [60]. To measure the current, a metal coated 
tip with a soft spring constant is mounted at the cantilever holder and the AFM is 
working in contact mode. Usually the tip is coated with Co/Cr or Pt/Ir with a work 
function from 5.2 to 5.6 eV. Other metals could be coated onto the tip according 
to the work function need of the measurement. When measuring, a bias the 
applied in the dark and the resulting injection current is measured. As the tip is 
scanning the sample in contact mode and imaging the topography, a linear 
amplifier senses the current passing through the sample. Thus, the sample‟s 
topography and current image are measured simultaneously, enabling the direct 
correlation of a sample location with its electrical properties. In this work, we are 
using the tunneling current AFM (TUNA) which is almost the same with 
conductive AFM except a higher current sensitivity. The sensitivity of normal c-
AFM is from pA-μA while TUNA characterizes ultra-low currents (between 80fA 
and 120pA) through the thickness of thin films [59]. And TUNA application can 
be operated in either imaging or spectroscopy mode. 
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Figure 4.2. Schematic diagram of the pc-AFM measurement system A 
conducting AFM tip is coaligned with a laser (or pulsed LED) to provide 
simultaneous electrical bias and optical excitation to a specific area of the sample 
[56]. 
 
     Based on the c-AFM, photo current AFM (pc-AFM) is fabricated with the 
addition of a diffraction-limited laser spot to illuminate the OPV material directly 
beneath the AFM tip as figure 4.2. indicates. With no external bias, pc-AFM can 
yield maps of local short-circuit photocurrent that are correlated with local 
topography at a resolution limited by the AFM tip (∼15 nm) [56]. In addition, 
local I-V characteristics including fill factor and open circuit voltage can be 
obtained at specific points on the film [56]. 
 
Near-field scanning optical microcopy (NSOM):  
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Figure 4.3. Tuning fork mechanism (link) 
        Near-field scanning optical microscopy (NSOM/SNOM) is a microscopic 
technique for nanostructure investigation that breaks the far field resolution limit 
by exploiting the properties of evanescent waves. NSOM illuminates only the area 
of the sample that lies directly under the tip aperture, which is typically 50 to 500 
nm in diameter [61]. It is important that only a very small portion of the sample 
be illuminated since it will significantly reduces photo bleaching, which helps 
clarify the relationship between optical and topographic structure [59].NSOM 
works by exciting the sample with light passing through a sub-micron aperture 
formed at the end of a single-mode drawn optical fiber [59]. Shear-force or 
traditional AFM feedback modes are used to keep the tip within 10 nm of the 
surface, and the sample is always illuminated in the nearfield, thus allowing the 
optical properties of the surface to be probed with a resolution better than the 
diffraction limit of the probing light [61] while the system is recording the 
morphology information. In NSOM, the probe may be tuning fork-based shear-
force feedback [59]. Tuning fork technology eliminates the need for an additional 
feedback laser as figure 4.3. shows, as found in earlier NSOM designs[59].  
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        NSOM provides 2D maps of both optical and topographic information 
simultaneously, and by operating in different detection modes, the absorption, 
fluorescence, and reflection properties of surfaces can be probed with a resolution 
of 50 to 500 nm [62]. 
 
Scanning Kelvin probe microcopy and Electrostatic force microcopy:  
 
Figure 4.4. Schematic representations of EFM and SKPM. 
      As mentioned above, c-AFM and pc-AFM can be applied to image local 
variations in the transport properties and measure the charge-carrier mobility. 
While c-AFM probe primarily vertical charge transport, electrostatic force 
microcopy (EFM) and scanning Kelvin probe microcopy (SKPM) can be used to 
perform local poteniometry at the film surface with a fine resolution of 50~100nm 
[63]. Electric force microscopy (EFM) is a secondary imaging mode derived from 
Tapping Mode that measures electric field gradient distribution above the sample 
surface [59]. In the similar way, SKPM maps the work function distribution above 
the sample surface. The application has a wide range including measurement of 
transport in devices like EFT [64-68], injection and transport in planar diode 
structures and LECs [67,69,70]. Figure 4.4. shows the schematic representations 
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of EFM and SKPM. In the left diagram, conventional AC mode imaging is 
working on surface topography. At the same time a DC bias (VTip) is applied to 
the tip when the AFM tip retraces the topography at a constant distance from the 
surface. The measurement is performed via a two-pass LiftMode technique which 
separately measures topography and another selected property (magnetic force, 
electric force, etc.) using the topographical information to track the probe tip at a 
constant height above the sample surface during the second pass [59]. The long-
range electrostatic forces between the tip and the sample alter the mechanical 
motion of the tip, which is detected as a change in resonance frequency or phase, 
depending on the implementation [63]. In the right diagram, the multipass 
technique and conventional AC mode topography imaging is also used in SKPM 
system. Compared to EFM, SKPM uses a nulling feedback technique to keep the 
tip–surface potential difference at 0 V [63]. In one such implementation, during 
the second (lifted-retrace) pass, the mechanical oscillation of the cantilever is 
replaced with an AC voltage waveform [sin (ω2t)]+DC offset bias (VTip), which 
is applied to the tip through a summing amplifier (t) [63]. A lock-in amplifier is 
used to measure the resulting mechanical oscillation (at ω2), and a feedback loop 
is used to adjust VTip to null the oscillation [63].  
 
4.2    Inverted OPV 
     Unlike the previous chapters which are talking about the normal OPV 
structures only.  This chapter will introduce an inverted device structure. Figure 
4.5. shows the schematic representation of the device. ITO is inverted to a cathode 
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while a high work function metal is chosen to be anode. A hole blocking layer is 
designed to improve the interface of ITO and polymer blend, which can enhance 
the carrier transport. Normal structure is more vulnerable to the environment since 
a low work function metal as cathode is sensitive to the attack from UV and air.  
In addition, instead of capping on top of the active layer, a hole blocking layer 
capped directly on top of ITO has much better morphology which favors the 
electron transport and prevent the holes from recombination at the interface. Here 
we use TiOx as the interfacial layer on top of ITO. The hydrolysis process has to 
be in the air so if the inverted structure is assigned, the device can avoid harm 
from air. A PEDOT/Ag couple is commonly used, since AgO is formed at the 
interface which ensured a higher work function for the device.  However, in 
reality it‟s not working well on our devices, and instead, we employee 
PEDOT/Au as the anode. It can be seen that Voc is highly dependent on the offset 
of the work function of anode and cathode, a metal with high work function is 
desired as figure 4.5. (b) indicates.  
 
(a) 
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(b) 
Figure 4.5. (a) inverted OPV structure (b) corresponding energy level of each 
component in the device, varying anode metal with different work function 
 
4.3  Experimental Methods 
       Patterned indium tin oxide (ITO) on a glass substrate (Thin Film Device Inc.) 
was sonicated consecutively in acetone, methanol and Isopropyl alcohol before 
being exposed to UV for 5 min. TiOx was synthesized using Cho‟s sol-gel method 
[51] and here we used ethanol as the solvent for further dilution for TiOx sol-gel. 
[6, 6]-phenyl C61 butyric acid methyl ester (PCBM) was used as an electron 
acceptor and poly-3-hexylthiophene (P3HT, Rieke Specialty Polymers, Electronic 
grade) was used as an electron donor. The blended solution of PCBM and P3HT 
(1:0.8 by weight) was stirred with a magnetic bar under N2 overnight. The ITO 
substrates were spin coated at 1500rpm with TiOx diluted in ethanol at 1:50. After 
exposed in the air for hydrolysis for 1 hour, the TiOx coated ITO is annealed in N2 
for 15 min at 150C. Then the active layer of PCBM/P3HT was spin coated at 600 
rpm, followed by 30 min annealing at 150C in N2. Next step, the device is spin at 
5000 rpm with PSS: PEDOT and then annealed in N2 atmosphere at 190 for 
10min in order to smooth the electrode/active layer contact.  Finally LiF/Al 
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(1nm/100nm) was deposited as the cathode on top of the devices via thermo 
evaporation. The active device area is 0.202 cm
2
.  
      The normal structure of QD/P3HT OPV is also fabricated for TUNA 
measurement. 
      All AFM measurements were done in air under ambient conditions using an 
extended TUNA module (Veeco Dimension 3100 and the Nanoscope IV 
controller). The camera illumination is completely turned off and the AFM system 
is in the isolating box to ensure the dark background when scanning in TUNA 
mode. 
 
4.4  Energy Level and Operation Principles 
 
 
Figure 4.6. Schematic drawing of energy level of inverted OPV in TUNA mode 
 
      In TUNA mode, a bias is applied directly on the ITO substrate and the current 
information is collected through the Pt/Ir coated tip from the PCBM/P3HT blend 
surface. Since Pt/Ir has the exactly the same work function with Au, this test 
model simulate the real local injection of the inverted OPV. When ITO is 
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positively biased, holes are blocked by the large offset between the work function 
of ITO and the HOMO level of TiOx which can reduce the reverse bias current 
leakage effectively. Due to the electron injection from Pt/Ir and a lower energy 
barrier of PCBM, the possible leakage is mainly from PCBM and the TUNA 
current map will show PCBM-rich area with current highlighted. When ITO is 
negatively biased, electrons are injected through the substrate and since TiOx can 
reduce the band bending at the ohmic contact interface and minimize the energy 
barrier for charge injection, the forward biased current will increase 
correspondently.   
 
 
Figure 4.7. Schematic drawing of energy level of QD normal OPV in TUNA 
mode 
     
        When a normal QD device with TiOxNy or TiOx capping is in TUNA mode, 
the bias is still applied on ITO substrate while the tip is in contact with the TiOxNy 
or TiOx layer. Compared to the inverted TUNA model described above, this 
model does not show the real injection correlating to the device since a Pt/Ir tip 
has much higher work function than Al does. However, a hole injection 
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simulation through ITO can demonstrate how well the hole blocking layer is 
working. Because the oxide or oxide nitride is a thin dielectric layer with single 
phase, the leakage point will be highlighted directly in the current map. That is, 
when ITO is positively biased, holes are injected through ITO and electrons are 
injected through Pt/Ir at the same time. The minimum energy barrier for holes to 
reach cathode is from the HOMO level of TiOxNy or TiOx and for electrons to 
reach anode is from LUMO level of CdSe. Therefore, the total current is 
dependent on the hole current with a same electron current.  
 
4.5    Tunneling Current regarding interfacial layer 
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Figure 4.8. (a) dark I-V characteristics of inverted OPV with or without TiOx on 
ITO 
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Table 4.1. Corresponding device parameters 
      Figure 4.8. and table 4.1. show the I-V characteristics in the dark of inverted 
OPV with or without TiOx on ITO and the corresponding device parameters with 
marcroscopic I-V measurements.  It can be seen in figure 4.8. the inverted OPV 
with a TiOx interfacial layer outperform the one without TiOx due to better diode 
properties. Table 4.1. indicates a better device performance of TiOx embedded 
device with 10 times larger efficiency, doubled Jsc, Voc and FF. Rsh and Rs 
value also demonstrate a lower leakage current and a lower contact resistance 
from interface of ITO. Marcroscopic I-V measurements already provided valuable 
information on diode behavior and PV performance but we still lack the 
information about how different is the local electronic property of these two 
devices and why reference cell has such low efficiency. 
     Figure 4.9. reveals the nano-scale diode behavior referring to the topography 
(figure 4.9. (a)) with and without TiOx layer.  In tapping mode, 1 μm scan is 
enough to see the PCBM/P3HT phase separation in phase image; hence, we 
choose 1 μm to view the leakage current when ITO is positively biased (figure 4.9. 
(b) and (c)). The TUNA current maps clearly demonstrate TiOx embedded device 
shows less bright area when biased at 0.5V than non TiOx device does when 
biased at a lower voltage at 0.2V. Hence a much better block is provided by TiOx 
normal inverted inverted with TiOx
Eff.(%) 0.12926 1.1516
Jsc (mA/cm2) -2.9238 -5.7996
Voc (V) 0.195 0.378
FF 0.22672 0.52529
Rsh  (Ohm.cm2) 67.836 615.37
Rs (Ohm.cm2) 278.99 5.6197
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via prevent hole from contributing to the leakage current under reverse bias. The 
current map also reveals how PCBM is distributed within 1 μm range which is 
comparable with the phase image in tapping mode. A further comparison of the 
local injection and extraction was made via taking the I-V measurements at 
marked points. In figure 4.9. (d), C, D and E points indicate a typical diode 
behavior while A and B clearly shows a linear I-V relationship from -200mV to 
200mV.  It can be seen a small leakage (C,D,E) exists beyond -200mV even in 
TiOx embedded device.  Whereas the device without TiOx is short and the reverse 
current is already over the -10pA range even in the darker area, which means the 
short circuit between substrate and tip is prevalent.  The local I-V‟s advantage is 
obvious since it shows the details of the injection and extraction from the tip or 
the substrate.  The normal inverted device has a severe short circuit while the 
TiOx embedded one tend to prevent short circuit though leakage is still detected. 
Compared with the traditional I-V results in figure 4.8. (a), these two features 
cannot be figured out easily and hence cannot provide better understanding for the 
reason for poor device performance of normal inverted PV here. The main reason 
for short circuit here is the poor surface smoothness of ITO or uneven coverage of 
the active layer which leads to the direct contact with the tip. That‟s why a normal 
PV with a PEDOT covered on ITO has much better performance than inverted 
structure. In the same manner, TiOx protect the device from short circuit and 
provides a better electron extraction.   
  63 
 
(a) 
 
 
 
 
                           (b)                                                                  (c) 
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(d) 
 
Figure 4.9. (a) AFM topography of PCBM/P3HT blend on ITO and (c) 
corresponding TUNA map at 0.2V. (b) TUNA map of PCBM/P3HT blend on 
TiOx coated ITO at 0.5V. (d) Dark IV characteristics at marked point in TUNA 
maps 
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       TUNA was also used to compare the hole blocking layers in the QD/P3HT 
devices as shown in figure 4.10. The device structure is described in Chapter 3 
and the TUNA mode energy diagram is discussed in the previous part in this 
chapter (figure 4.7.). The TUNA measurements were taken after 21 days for 
optimized TiOx and TiON capped samples when the reference device completely 
failed in normal J-V test. As the electron current background is the same, the large 
contrast difference is mostly due to the hole current offset.  Figure 4.10. (a) maps 
a uneven high hole current distribution over the scanned area under the bias of 1.5 
V, which indicates a low hole blocking ability from the energy barrier of P3HT. 
(b) shows a ultra low level total current under the bias of 6V, which indicates a 
good hole blocking ability from the HOMO of TiOx. (c) shows a uniform low 
level total current distribution under the bias of 6V which is comparable to the 
result from (b). Hence, a 0.1eV reduction in energy band gap of TiOx still can 
provide effective hole blocking barrier from the P3HT and QD blend and finally 
benefits the carrier extraction at the electrode. This TUNA results agree with the 
discussion of previous chapter that most of the advantageous properties of TiOx 
can be retained by light N doping. 
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                  (a)                                    (b)                                      (c) 
Figure 4.10.  Topography (first line) and corresponding TUNA map (second line) 
of QD/P3HT blend on (a) non-capping device at 1.5 V bias (b) optimized TiOx 
capped device at 6 V bias (c) optimized TiOxNy capped device at 6 V bias. All the 
devices were kept for 21 days. 
 
4.6   Conclusion 
       This chapter introduced the advanced SPM assisted techniques to analysize 
the nano-scale morphology and corresponding local electronic and optic problems, 
which cannot be achieved by marcroscopic measurements. These techniques 
break through the size or equipment limits and could be used in a wide range of 
fields with various properties.  Conductive AFM or photo-conductive AFM, 
NSOM, EFM and SKPM were talked about. TUNA was employed to understand 
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the charge injection and extraction as well as the function of the hole blocking 
layer. The inverted OPV without TiOx shows a very poor performance via normal 
I-V test while TUNA further indicates the short circuit between ITO and tip. 
Though normal I-V shows good diode behavior for inverted OPV with TiOx, 
reverse biased leakage to some extent is detected through TUNA. Finally, TUNA 
was used as a failure detector of QD/P3HT devices with TiOx and TiOxNy 
capping. No capping device shows worst hole blocking ability while TiOxNy has 
comparable hole blocking barrier to TiOx for the device.  
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Chapter 5 
SUMMARY AND FUTURE 
5.1   Summary 
In this thesis, a novel nitrogen doped titanium oxide interfacial layer between 
metal cathode and CdSe quantum dot/P3HT was studied. Compared with titanium 
oxide, this TiOxNy interlayer demonstrated better contact with lower series 
resistance as well as lager performance improvement in capped devices. The light 
doping of nitrogen was confirmed by XPS and it turned out this substitutional 
doping is the reason for slight bandgap decrease so most of the properties of the 
TiOx can be retained for the device. A unique light anneal effect on the TiOx and 
TiOxNy capped devices were discovered first time and it proved to enhance the 
conversion efficiency by 200% and 300% respectively. EQE and PL indicate the 
most contribution in efficiency increase came from more photogenerated charges 
due an increased charge disassociation rate and collection rate. AFM revealed the 
light anneal effect on the active layer morphology. Similar to thermal anneal, the 
particle size increases with the times of the light anneal and P3HT phase tends to 
coarsen itself which results in a composition change at the surface. It was also 
proved that the room temperature stability of the QD/P3HT device was 
significantly improved by embedding a TiOx or TiOxNy interlayer. Overall, 
TiOxNy outperform TiOx since the band gap decrease leads to more electron and 
hole pairs generated in the visible light range can fill the interface traps sooner. 
   Tunneling AFM was performed to exam the reason for low efficiency in the 
normal device without any interlayers. TUNA maps and local I-V test illustrated 
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that there is serious short circuit between ITO substrate and the top electrode and 
slight leakage for TiOx coated sample. TiOx coating on ITO can significantly 
reduce the short circuit and the reverse bias current in the device. Finally the 
reason for TiOx and TiOxNy capping layer can stabilize OPV was discussed. 
These interlayers can provide a effective hole block barrier for the device. 
 
5.2   Future 
         In this thesis, it can be understood that the interface engineering could be 
one of the strategies for high efficiency QD solar cells in the future. To get a high 
efficiency, there is still a lot of work to do at present stage. Sufficient exciton 
diffusion yield, charge dissociation rate and the interaction between different 
components in a photoactive layer should be ensured. Chemical process to get a 
better solubility for QDs in different solvent is still under work. The anti radiation 
and polymer aging problem for these cells need significant improvement. Also 
developing new and revolutionary viable strategies to organize ordered 
assemblies on electrode surfaces will be the key to improving the performance of 
quantum dot solar cells.  
        Commercialization of large scale solar cells based on nanostructure 
architecture is expected to be realized in the near future. Particularly QD-solar 
cells hold the promise of being able to meet the global challenge of supplying 
clean energy.  
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